Introduction
Multivalency is a key principle in nature for achieving strong, yet reversible interactions. The burr and its man-made analogous material, velcro, are good examples from daily life ( Figure 1 ). By allowing multiple hooks on one side to entangle with loops on the other, a large number of weak interactions can strongly connect the two surfaces and, for example, protect against shearing. The greater the fleece surface, the stronger the binding. Reversibility by sequentially separating the individual hooks and loops is, therefore, an important way to differentiate between multivalent and covalent reactions. The latter case would represent, technically speaking, a permanent adhesive or a series of screws.
On the molecular level, one can compare the hooks seen in the macroscopic example from nature with specialized molecular binding units (ligands) and the corresponding loops with the binding pockets in a complex molecule (receptor). Biologically speaking, such multivalent interactions between cells or with other organisms, such as bacteria and viruses, are medically very important, wherein the extensive interaction between a large number of individual, mutually binding partners plays a major role.
In contrast to weak monovalent binding, multivalent interactions offer the advantage of a multiple and thus dramatically enhanced binding on a molecular scale. An important example is the multivalent interaction between a virus and its host cells that initially leads to a stable adhesion (Figure 2 a) . The virus can subsequently be engulfed by the cell membrane and taken up through a process called endocytosis. Insertion of the viral genome into the cellular DNA ultimately results in the formation of new virus particles. The current therapeutic approach in medicine is to employ monovalent drugs. Since the virus has a high affinity for the multivalent binding sites of the cell surface, monovalent drugs can only be effective in very high doses Multivalent interactions can be applied universally for a targeted strengthening of an interaction between different interfaces or molecules. The binding partners form cooperative, multiple receptor-ligand interactions that are based on individually weak, noncovalent bonds and are thus generally reversible. Hence, multi-and polyvalent interactions play a decisive role in biological systems for recognition, adhesion, and signal processes. The scientific and practical realization of this principle will be demonstrated by the development of simple artificial and theoretical models, from natural systems to functional, application-oriented systems. In a systematic review of scaffold architectures, the underlying effects and control options will be demonstrated, and suggestions will be given for designing effective multivalent binding systems, as well as for polyvalent therapeutics.
From the Contents In addition to the stronger bonds resulting from multivalency that let the cell membrane successfully take up a virus once it has adhered itself, another important feature is that one can control shape in multivalent reactions, even on a large scale. Since the arrangement of the binding sites on multivalent ligands can influence the geometry of the receptors on the membrane of the host cell, they can introduce predefined large-scale functional architectures that are especially suitable for clustering and cellular uptake.
In this Review, multivalency is defined in terms of multiple, interconnected supramolecular binding modules in both biological as well as synthetic systems. So far, however, the studies on multivalent reactions in synthetic systems have not been as varied and significant as in biological systems. Although there have only been a few explicit and systematic investigations of host-guest systems for application in a multivalent construct, some important insights could still be obtained. One major advantage of synthetic systems is that a set number of defined binding sites can be chemically controlled, with the result that a quantitative thermochemical analysis may be performed. Furthermore, synthetic structures are often varied systematically with a reasonable amount of effort so that a series of host-guest complexes may be examined in detail. Thus, not only monovalent and multivalent but also intermediate interaction scenarios can be investigated. Furthermore, the spacers, which connect the binding sites to one another, are variable. Consequently, they are not just "innocent observers", because they strengthen or weaken the ligand binding by interacting with the receptor or its neighboring binding sites.
The targeted use of multivalency is, therefore, of great importance not only for medicine, [1, 2] (e.g. for the production of anti-infectives) and biochemistry, [3] but also for the design of new structurally defined functional molecules in supramolecular chemistry [4, 5] and materials science. [6] Multivalent molecular systems can be used to build a controlled selfassembly of increasingly complex structures or to achieve a targeted chemical nanostructuring of surfaces. [7] Earlier reviews on multivalent binding [1, [3] [4] [5] [8] [9] [10] will not be repeated here. Instead, the goal will be to develop a fundamental understanding of multivalency as a chemical organization and action principle and to present critical factors that will afford the most efficient multivalent interactions. Selected examples of multi-and polyvalent interactions as well as their potential applications will provide further insight into the current state of research and illustrate the theoretical principles of multivalency. The focus of this Review will be to compare synthetic multi-and polyvalent scaffold architectures, which are responsible for the presentation of ligands.
Multivalent Interactions

Terms and Definitions
Interactions between an m-valent receptor and an n-valent ligand (m, n > 1; also m ¼ 6 n) are considered to be multivalent. Interactions between a number of monovalent ligands (n = 1) with a multivalent receptor are not multivalent. However, the number m of equivalent binding pockets in a multivalent receptor already gives monovalent ligands favorable conditions for interaction, because an m-valent receptor binds to the monomeric ligand m times more often than a corresponding monovalent receptor. This symmetry effect [11] [12] [13] is induced by the equivalent binding pockets of the m-valent receptors and correspondingly also occurs with multivalent ligands. If the receptor or ligand has multiple identical binding sites, they are homomultivalent. If they have multiple binding sites, which are different from each other, they are considered to be heteromultivalent.
The term polyvalency often appears in the literature, especially in the context of ligands binding to receptors on interfaces such as cell membranes, which offer a large number (n @ 10) of two-dimensionally distributed binding sites. [2] In this Review, multivalency and polyvalency are not differentiated in the conventional sense, because the large number of binding sites on the interface necessitates that symmetry factors [11] are taken into account for a precise description. This problem not only occurs, for example, on interfaces, but also if a decavalent receptor reacts in solution with a divalent ligand. Therefore, a description of both phenomena must be treated in the same way. However, a linguistic distinction between multi-and polyvalence might be useful to differentiate between studies on isolated multiple interactions and the usually highly dynamic and, therefore, less-defined interfacial interactions.
Avidity is a concept that comes from biochemistry and was originally introduced to describe the binding behavior of immunoglobulins with different valencies (antibodies, IgD, IgEm, and IgG monomers: divalent; IgA homodimer: tetravalent; IgM homopentamer: decavalent). Hence, the concept of avidity in terms of antibody binding is comparable to multivalency, but will not be treated here in depth (see Ref. [1] ). Schwarzenbachs long-known chelation effect, [14] which was already introduced in 1952, is also conceptually closely related to multivalency. These two terms are sometimes used as synonyms, [4, 15] with the concept of chelation traditionally appearing in inorganic coordination chemistry, and multivalency in organic and macromolecular chemistry.
Both concepts describe similar phenomena, namely, the cooperative interaction of several interconnected binding groups during a binding process. Unlike chelation, which involves a central atom or molecule, multivalency refers in general, as well as in this Review, to the interaction of multiple binding modules that are coupled to one another in biological and synthetic systems. The decisive factor here is the manner in which multiple binding modules (natural or synthetic ligands and receptors) are brought together into appropriate structures and architectures rather than by the supramolecular interactions of isolated binding modules. The above-mentioned polyvalency is more than a simple chelation effect, especially in regard to large-scale, two-dimensional interactions. Considering that nature also uses the polyvalent effect, even on a micrometer scale, one must conclude that the chelation effect, in terms of simple mononuclear metal ion/ ligand complexes with their defined "multivalent" coordination spheres, is a particular example of multivalent interactions. It has also been shown [16, 17] that even a "simple" chelation effect such as the binding of ethylenediaminetetraacetate (EDTA) to calcium ions can only be described with difficulty by quantitative thermodynamic analysis. This is even more so the case for complex multivalent or polyvalent biological systems.
To characterize a multivalent binding effect, Whitesides and co-workers [1] proposed an enhancement factor b, produced by taking the ratio of the binding constant for the multivalent binding [K multi ] of a multivalent ligand to a multivalent receptor with the binding constant for the monovalent binding [K mono ] of a monovalent ligand to a multivalent receptor [Eq (1) ]. An advantage of this enhancement factor is that it can be used even if the multiplicity of effective binding interactions is unknown. A disadvantage is that it simultaneously also includes the influence of the cooperativity and the symmetry effect.
Despite repeated clarification in the literature, [4] [5] [6] there is still a widespread misconception that multivalent interactions are inherently associated with positive cooperativity. [18] A multivalency-enhanced binding may also be useful when the binding is not non-cooperative (additive) or positively cooperative (synergistic). As a result, although most multivalent systems are rather negatively cooperative (interfering), multivalent drugs can conceivably be administered in much smaller doses than the corresponding monovalent analogues without losing any more efficacy because of the stronger binding and higher specificity at the target receptor.
In all multivalent systems, the structures connecting the different ligands-as part of a rigid skeleton or even as a flexible chain-play a crucial role. In this Review, we propose to use the general term spacer regardless of the chemical nature and structure of this connecting link. We will see below that its flexibility has a significant influence on the thermodynamic description, as noticeably different symmetry factors have to be taken into consideration for very flexible and very rigid ligands.
Theoretical Background/Kinetic and Thermodynamic Aspects
The thermodynamics of the monovalent binding of a ligand to a receptor is mainly determined by the free binding enthalpy (DG mono ). Although in monovalent systems there are only two states (bound and unbound), from which the corresponding free enthalpy difference is derived, this duality is no longer present in multivalent systems. There are n + 1 different binding states for an n-valent receptor discriminated by the number j of occupied receptors. To calculate the free binding enthalpy DG n ð Þ LR for common multivalent systems one must first determine which binding conditions (0 < j < n) should be considered as bound or unbound. Since the number of possibilities for j receptor sites to be occupied by an n-valent receptor is n! nÀj ð Þ!j! for symmetry reasons, and results in many partially occupied situations, this assignment is crucial for the expected cooperative effect of the multivalent binding. [12] Two extreme cases will be discussed. In the first, the binding effect may be measured if all the receptor sites are occupied by ligands. As a consequence of symmetry, this situation is much rarer than with partially occupied receptors if the ligands act independently of each other. A preorganization of the ligands through multivalent presentation is desirable. In the second special case, an effect already occurs if a single receptor site is occupied by just one ligand. The "first binding" is, however, entropically more difficult if the ligands are linked together. The entire entropy of a system with n receptors of n free monovalent ligands decreases only slightly when a single ligand binds to a receptor site and thus changes the solvatation, rotation, and translation entropy (DS mono = DS trans + DS rot + DS sol ), because the still-free ligands continue to maintain the entropy. It is a different story for multivalent ligands. In this situation, several monovalent ligands are interconnected by a spacer or on interfaces. This system already loses some of its translation and rotation entropy if one individual ligand in the scaffold is connected to a single receptor site. Furthermore, the conformational entropy of the spacer architectures is reduced (DS conf ). Generally the "first binding" of a multivalent ligand to a single receptor site is, therefore, entropically hindered (see also Ref. [19] ). Mammen et al. [1] show this in the following model. They assumed that the change in the entropy of the n-fold binding (excluding conformational entropy) has essentially the same contributions as the monovalent binding of a single ligand (DS multi = DS trans + DS rot + DS sol + DS conf ). It is also thought that the enthalpy of the monovalent binding (DH mono ) increases in a multivalent binding regardless of the spacer (DS multi = nDH mono ), so that the difference in the free binding enthalpies
Two conclusions may be drawn from this equation: 1) There will be a large loss of conformation entropy with flexible spacers. The cooperative effect is also not expected to be as strong as with a rigid spacer. 2) A small number of binding valences is less efficient because of entropy. High valences are preferable. A special case is when the multivalent ligand architecture only allows binding states with j = 0 and j = n. This behavior fits best to rigid, tailor-made chelate compounds which bind to metals with multiple binding sites. [20, 21] In the above model by Mammen et al., the spacer was not presumed to provide any enthalpic contribution to the binding. In fact, the assumption that DH multi = nDH mono may be very unrealistic. First of all, the spacer could positively or negatively interact with the receptor because of its chemical nature and thus change the multivalent binding enthalpy. Secondly, an inexact geometric preorganization of the ligands could cause an enthalpic weakening of the multivalent binding. Thirdly, a spacer may directly affect the (e.g. electrostatic) characteristics of the ligands and lead to a change in the binding affinity. These effects can be easily studied with theoretical methods, such as molecule dynamics, and are very helpful because the systematic exchange of spacer groups usually requires elaborate synthetic operations. A combination of entropic and enthalpic effects is possible if the preorganization of the spacer is imperfect, but allows the ligands to be optimally geometrically oriented because of the flexibility of the spacers (Figure 3 ). In this simple model it is assumed that the entropy and enthalpy contributions of the solvent during a multivalent reaction can be derived from the monovalent binding case. However, the existence of a spacer could introduce in some cases a number of weak interactions into the system that might cause an entropy-enthalpy compensation during the binding process because of greater differences in heat capacity. Solvent effects should, therefore, be taken into account in molecular simulations with explicit modeling (see Section 2.4). Furthermore, one should not disregard that an additional spacer structure may have an influence on the entropic and enthalpic properties of the interacting ligand and receptor moieties. [22, 23] From a thermodynamic standpoint, the multivalent presentation of ligands is not always advantageous. For a more detailed analysis of the multivalent binding between a ligand and a receptor it is important to determine not only their geometries but also the nature and number of system states made possible by flexibility. [221] It is also necessary to define whether a state is "bound" or "unbound."
This definition is not only based on the number of occupied receptor sites, but also on the spatial proximity of the multivalent ligand to the receptor. In this case, it does not matter how many interactions exist between the two partners. Proximity is essential if the ligands are to actively intervene in the binding process. Once a single ligand of a multivalent system is attached, the probability that other neighboring ligands will also bind becomes higher. An experiment by Kramer and Karpen [24] demonstrated that this effect can be measured. Models that were already conceptualized in 1925 by Kuhn [25, 26] and later applied for multivalency [27] are based on a highly effective local concentration of ligands, if the first ligand is bound to the receptor. A closer look, however, has shown that the position of the second ligand (in a divalent system) stays relative to the first in a three-dimensional Gaussian distribution [19] and thus does not spread homogeneously. As a result, the increased local concentration is often significantly overestimated.
It is a common practice, however, to evaluate the first binding event between multivalent ligands and receptors differently in terms of kinetics, because the first binding process produces the spatial proximity that leads to a higher local concentration. While the first binding process may be kinetically seen as an intermolecular process that is determined by the receptor and ligand concentration, the second and all subsequent binding processes can be viewed as intramolecular processes which will then only be determined by the ligand concentration. The total equilibrium constant of a divalent binding process, thus, contains a factor that has the unit of a concentration and is called "effective molarity" (EM). It can be measured for divalent systems (see Section 2.3). As a result of the above-described thermodynamic aspects, the "first binding" of a multivalent system usually has a lower binding rate than a monovalent system. The following binding events are faster because of the preorganization of the ligands. The binding kinetics of a multivalent system is, therefore, an ensemble quantity and can be regarded as a weighted average for many different elementary binding processes. The proximity of a ligand to its receptor, therefore, significantly determines the probability of the corresponding binding process.
In their work on divalent binding behavior, Mack et al. were able to study the proximity of a soluble, divalent receptor to the ligand surface by defining "unbound" and "preoriented" states, [28] wherein receptor-ligand interactions are only successfully formed from such preoriented states. A ligand may have converged from solution to the interface or have partially or completely dissociated from the receptor surface before the binding event occurs. In the latter case, it is highly probable that spatial proximity allowed them to reconnect (rebinding). By using His-tags of different lengths, Ernst and co-workers demonstrated that an effective rebind- ing may be measured in terms of a multivalent ligand "sliding" onto a (multivalent) surface rather than a complete dissociation in a flow system such as surface plasmon resonance (SPR). [29] Recent mathematical research on protein folding has indicated that mixing spatial and kinetic aspects in a kinetic approach is limited. It is not possible theoretically to arbitrarily predefine all the elementary steps of an entire system, as it may lack the corresponding individual kinetic entities. No rate constants could be measured for these spatially predefined states. [30] The predefinition of individual elementary processes results in an incomplete and incorrect description of the reality. From a mathematical point of view, an arbitrary decomposition of the continuous kinetic process, especially into only a few fundamental steps, destroys the socalled Markov property, [31] [32] [33] which basically means that the system does not have a memory. To correctly formulate the kinetics, it is necessary to choose system-dependent elementary steps, which leads to the scenario that some binding states can no longer be clearly classified as "bound" or "unbound". [34, 35] Therefore, other factors such as ligand and receptor structure, diffusion, and laminar transfer (at interfaces) also have to be taken into account in a mathematical kinetic analysis of multivalent interactions.
Multivalency and Cooperativity: Determining Effective Molarities
In biological systems, the number of binding sites is often not known, which makes it impossible to come to a conclusion on the cooperativity of a multivalent binding. However, this is not the case for synthetic materials, as the number n of binding sites can be directly adjusted during synthesis or can be determined in a final stage by using common analytical methods. As a result, individual contributions to the multivalent binding may be determined and statements on the cooperativity can be made; [36, 37] the determination of the effective molarity EM plays a particularly crucial role. A divalent example is shown in Figure 4 , whereby EM is the critical concentration under which ring closure to a divalent complex and not oligimerization is the preferred result.
If we consider the final equilibrium between the open and closed form of the divalent complex, the term K mono EM is an expression of cooperativity. If K mono EM is @ 1, the divalent binding shows positive cooperativity. If there is negative cooperativity (K mono EM ! 1), the divalent complex is mostly present in the open form. [36] The effective molarity can be determined by "double mutant cycles", as shown in Figure 5 for a divalent pseudorotaxane, [38] and elegantly applied by Hunter and coworkers in a number of experiments. [39] [40] [41] It is necessary to look at the disproportionation equilibrium from which first the equilibrium constants and then the EM can be easily obtained from the constants K A ÀK D , which are independently measureable [Eq. (2)]. The larger the EM, the more the equilibrium is located on the side of the divalent complex and the more strongly the reaction is positively cooperative.
An interesting observation is that the pseudorotaxane with the O(CH 2 ) 2 O spacer in the center of the axis clearly shows a positive cooperativity (EM = 132 mm ; K mono EM % 40). However, insertion of only a single additional methylene group results in an almost noncooperative binding (EM = 5.8 mm ; K mono EM % 2.5). This effect can be explained by an attractive stacking interaction between the anthracene spacer in the crown ether dimer and the two inner phenyl groups in the axis. The crystal structure ( Figure 5 , middle) shows that the O(CH 2 ) 2 O spacer is ideally suited for this purpose, while longer spacers will interfere with its geometry.
The divalent pseudorotaxanes have rather flexible spacers in their axes and are characterized by only a small cooperativity. In contrast, the EM values for binding the hexapyridine guest in the hexavalent porphyrin wheel shown in Figure 6 are higher by one order of magnitude (EM = 280-1700). [42, 43] Such highly effective molarities and distinctly positive cooperativity for this supramolecular interaction can be attributed to an almost perfect preorganization and to the high rigidity of both the host and guest.
The various individual interactions between the host and guest at the interacting binding groups can be broken down into individual contributions, again with the help of "double mutant cycles". Hunter et al. were able to do this, for example, with zinc porphyrin, to which guests were not only bound by coordination of the pyridine nitrogen atom to the central Zn II ion: In these host-guest complexes, hydrogen bonds in the complex periphery also linked the host-guest system together and their individual contributions could be accurately determined. [44] These systems were recently quantified for neighboring effects, [45] and the effective molarities for the formation of hydrogen bonds proved to be significantly solvent-dependent.
Modeling/Calculations of Multivalent Interactions
The conformational entropy of the binding unit between the individual receptors or ligands plays an important role in the investigation of multivalent interactions. Simplified theoretical models depict the spacer as a chain of abstract elements that can only be arranged in a set way to each other. [46] [47] [48] [49] [50] These simplified models are often not accurate enough for estimating the conformational entropy of a spacer. They disregard the physical interactions of the atoms with one another in the spacer or with the solvent. In particular, the behavior of a spacer also depends on the type of ligand to which it is bound. There is, therefore, a need for a physical model of the system comprising the solvent, spacer, and ligand that will take into account these interactions. For example, an accurate atomistic, chemical physical model of the system can be provided by molecular-modeling studies. [51] The behavior of the spacer-ligand-solvent system can be computationally simulated and the entropic properties of the spacer evaluated with the help of statistical thermodynamics.
There are many different approaches that can be used to determine the conformational entropy from statistical data. One approach is to consider entropy as temperature-dependent on the free energy. [52, 53] In this case, simulation data are generated at different (theoretical) temperatures, which is associated with much computational effort. Alternatively, one may use the relationship between the variance of random samples and the entropy (assuming a normal distribution of degrees of freedom). The assumption that there is a normal distribution for the investigated degree of freedom may be inaccurate and must be corrected if necessary. Another approach is to prepare entropy estimations directly from the simulation data. [54] In this approach, it is possible to consider the solvent on the atomic level (explicit) rather than with models, where only location-independent physical properties of the solvent can be introduced (implicit).
It has been shown in an explicit approach [55] that the influence of ligands on the entropic properties of the ligandspacer-solvent system cannot be neglected, as is the case with simplified models. For example, if two ligands with hydrophobic properties (such as the estrogen receptor agonist diethylstilbestrol, DES) are connected through a flexible spacer (e.g., based on polyethylene glycol, PEG), hydrophobic interactions between the ligands reduce the conformational entropy of the spacer in the water solvent (compared to the pure PEG spacer). This restricts the freedom of the ligands so much that the above-described negative cooperative effect prevails and a divalent system is no longer more advantageous in terms of free energy than using two monovalent binding ligands. Such preceding ligand-ligand interactions can only be suppressed by rigid spacers ( Figure 7 , see also Section 3.2.2).
In addition to determination of the conformational entropy of the spacer, an accurate atomistic simulation of multivalent binding processes is also a challenge for computer-aided methods. Currently, theoretical groups are primarily working on differences in the free energy between the monovalently bound and the unbound ligands (binding affinity), but many of the methods used fail in the multivalent binding process. [56] To determine the difference in free energy of a monovalent binding process by molecular modeling, two scenarios will be simulated and finally compared: first, a fully solvated ligand molecule and secondly, the ligand in its "binding position" within the binding pocket of the receptor. This type of modeling presumes the binding process to be a single-stage transition between the "bound" and "nonbound" state. The difference in free energy DDG of these two end points also determines the ratio of the reaction rates r 12 , r 21 of a reversible association: DDG ¼ Àk B T ln r 12 r 21 . This Equation does not work for a multivalent binding process because there are always different states ("does not bind a ligand", "binds one", "binds two" …), which have an impact on the equilibrum. The simulation of individual scenarios will, therefore, not lead to further insights into the process rates. [35] In fact, it is the free energy barriers that provide information about the process rates. Conformational dynamics is a method that focuses on the study of the energy barrier of molecular processes. [57, 58] It has already been shown this way that even a monovalent binding process can proceed in several stages. [59] However, there have been very few investigations on multivalent binding processes by means of such theoretical methods.
[221]
Quantification of Multivalent Interactions
Several techniques have already been used to quantify multivalent interactions. Association and dissociation constants can be determined, for example, by fluorescence spectroscopy, [60] total internal reflection fluorescence spectroscopy and microscopy (TIRFS, TIRFM), [61, 62] or by quartz crystal microbalance (QCM) measurements. [63] Thermodynamic and kinetic parameters are available for the quantification of multivalent interactions by surface plasmon resonance (SPR) spectroscopy, [64] isothermal titration calorimetry (ITC), [65] and for binding constants < 10 5 by NMR spectroscopy. Atomic force microscopy (AFM) and related methods allow a direct measurement of binding strength. [66] It is possible to determine the colloidal stability of nanoparticle systems depending on their multivalent stabilization by using microscopy and dynamic light scattering methods, as well as to measure multivalent interactions of induced aggregation. [60, 67] Various biological assays are used to evaluate multivalent interactions in biological systems. The label-free SPR detection method is most commonly used. SPR enables the determination of binding constants, when there is a 1:1 binding mode of a receptor-ligand couple.
Although this method may also be applied to low-valent ligand conjugates, [68] experimental data, especially for highvalent ligand conjugates with a complex architecture, can often not be assigned a binding model and thus not fully evaluated. An alternative to describe multivalent interactions is offered by the determination of IC 50 values by using SPR. This value is defined as the ligand concentration which corresponds to a reduction of the binding signal to 50 % of the initial value. Thus, the smaller the IC 50 value is, the more potent the inhibitor. As soon as a robust SPR assay for the receptor-ligand interaction has been established, the concentration-dependent inhibition of the receptor with potential multivalent inhibitors can be easily determined. Standardization of a functionality or a ligand allows one to determine the enhancement factor b, which describes the average affinity of a multivalent ligand system. Some advantages of this competitive binding approach are that a large number of samples may be analyzed with high reproducibility and relatively quickly compared, and that only a few samples are required because of its high sensitivity, , which is important in for many biological studies. This measuring method can also be used to compare interactions that take place in vivo under flow conditions, such as bacterial and leukocyte adhesion in blood vessels (see Section 4.2). Table 1 shows some of the most important techniques for quantifying multivalent interactions in terms of the measurement techniques and physicochemical parameters including some specific examples.
Multivalent Scaffold Architectures
To use multivalency as a principle for organization and action, it is necessary to intelligently design a structure of multivalent ligands that not only takes into account the intrinsic affinity of each ligand but also their distance and relative spatial orientation (preorganization). These issues are largely determined by the choice of scaffold and the architecture of the spacer, which can be achieved in two extremely different ways. The first is a flexible linkage of individual ligand units, which allows the system a great deal of conformational space, but only a small fraction of them present "productive" structures in terms of a multivalent interaction. In regard to statistical thermodynamics, multivalent binding processes lead to a loss in conformational entropy in the backbone (see Section 2.2). In the second approach, this loss of entropy is hindered by rigidly attaching the ligand units, but this requires the ligands to be optimally oriented to avoid a large loss of binding enthalpy. Since such precision can be achieved in only a few cases, the most promising path to take appears to be, as usual, a middle road that allows just enough flexibility for attachment and nothing more.
An additional and often critical component in the course of this binding process are changes in the solvation of the backbone. Thus, the spacer may be solvated to different degrees as a result of changing conformations and therefore be subjected to unspecific interactions such as hydrophobic adsorption to the receptor surface. The overall solvation [60] complexation degree of the host molecules (determined from fluorescence intensity) as a function of the concentration of guest molecules association constant host-guest interaction between the periphery of adamantyl-urea-functionalized dendrimers and ureido-acetic acid derivatves [70]] total internal reflection fluorescence (TIRF) microscopy/spectroscopy fluorescence intensity as a function of the concentration of the multivalent protein ligand association constant two-dimensional protein-protein interactions on model membranes [61] dissociation constant interaction of multivalent protein ligands with lipid bilayers [62] dissociation constant interaction of cholera toxin and phospholipid membranes [83] surface plasmon resonance (SPR) spectroscopy refractive index changes in ligand-receptor interaction (mass-dependent) association constant, IC 50 affinity screening of antibodies [71] multivalent interactions between selectins and polyglycerol sulfates [72] circular dichroism (CD) spectroscopy CD intensity as a function of the host/guest concentration guest-guest interaction energy hybridization of oligothymine templates with oligomeric adenine and naphthalene diaminotriazine guests [69] NMR spectroscopy diffusion coefficients from DOSY measurements [73] size information for detecting multivalent-induced complex formation hexameric resorcinarene and pyrogallarene capsules [75] NMR signal integrals or shifts as a function of the ligand-receptor ratio and NMR titration [74] free binding energy temperature-dependent measurements: binding enthalpy and entropy activation parameters DG°, DH°, DS°, for example, by lineshape analysis EPR spectroscopy dipolar interaction between spin probes distance distribution in solution structural changes measurement of the distance between divalent spin probes in solution [76] isothermal titration calorimetry (ITC) [65] heat as a function of the ligand/receptor or host/guest ratio association constant binding enthalpy binding entropy free binding enthalpy maltose and lactose on the surface of bcyclodextrin vesicles [77] threading of pseudorotaxanes [78] laser reflection interferometry (LRI, Rif) reflectivity or resultant coverage degree with bound ligands as a function of time dissociation and association constants two-dimensional protein-protein interactions on model membranes [57] contributions of ligand binding should be nearly identical in monovalent and multivalent interactions. As these complex relationships substantially complicate an experimental investigation of the phenomena, mostly only isolated observations or reports of successful multivalent ligand conformations appear in the literature. There are still too few systematic and comparative studies on the influence of the scaffold architecture on the strength of multivalent interactions. The following section will focus on and discuss several exemplary structure types and their advantages and disadvantages.
Statistical Polyvalence
Synthetic Polymers
Great flexibility and adjustable solubility make multifunctional organic polymers an appropriate platform for anchoring ligands to enable polyvalent interactions ( Figure 8 ). Linear structures were first used for statistic multivalence and have been applied, for example, to inactivate viruses (see Section 4.2) by specific interactions between sialic acid (SA) functionalized polyacrylamides and hemagglutinin (HA), the ubiquitous viral surface protein. [85, 86] By extensive interaction and a steric shielding of the viruses by polymer systems, it has become possible to competitively suppress adhesion on the target cells.
In addition to these polyvalent viral inhibitors, ligands for cellular targets, for example, as membrane-bound receptors, have also been developed which are based on linear polymers. Some current examples are the multivalent ROMP-based (ROMP = ring-opening metathesis polymerization) linear polymers developed by Kiessling et al. [87] and the application of water-soluble polyacrylamides (N-(2-hydroxypropyl)methacrylate, HPMA) by Kopeček and co-workers. [88] Other important statistic multivalent scaffold architectures are glycopolymers, [89] which range from semisynthetic hybrids with varied sugar functionalization to natural structures with polydispersed chain lengths, such as chitosans, dextrans, heparins, and hyaluronic acids. Linear polymers (random coil) do not have an oriented ligand presentation, as-unlike [63] atomic force microscopy (AFM)
pulling force as a function of the intermolecular distance binding strength molecular interaction between bacteriophages and lipopolysaccharide bilayers [66] intermolecular interactions between C 60 and porphyrin derivatives [79] transmission electron microscopy (TEM) number of (multivalent) nanoparticles per aggregate degree of aggregation induced by multivalent functionalization multivalent carbohydrate-modified quantum dots interact with lectins and sperm [60] visualization of individual bindings in a multivalent complex stability against aggregation as a function of multivalent functionalization binding of virus particles to nanoparticles [80, 81] fluorescence microscopy fluorescence intensity as a function of time rate constant binding of CdS quantum dots with variable ligand multivalency of GABA(C) receptors on a cell membrane [82] dynamic light scattering (DLS) hydrodynamic diameter (from temporal change of the scattering intensity) as a function of time aggregation rate constant (to measure stability versus aggregation through multivalent stabilizing aggregation of mono-and multivalently thiol-stabilized gold nanoparticles in solution [67] high-performance liquid chromatography (HPLC) difference in retention as a function of polarity and molecular size competitive measurements enable determination of equilibrium constants trivalent interaction between vancomycin trimer and d-Ala-d-Ala trimer [84] Figure 8. Examples of synthetic polymers which are used as scaffold architectures for multivalent interactions (light blue: ligand, orange: spacer).
defined surfaces or globular structures-they can exhibit many different conformations. Dendritic polymers, on the other hand, already have a defined architecture and the highest conceivable surface functionalization. In the past, however, small defined multivalent dendrons and dendrimers have mainly been used. [90, 91] Landers et al. have shown that a SA-conjugated polyamidoamine dendrimer (G4-SA) can be adapted to inhibit hemagglutination (an erythrocyte-virus interaction) in vitro when sialic acid is linked through a short spacer. [92] Interestingly, the incorporation of a longer PEG spacer to allow a more flexible exposure of SA at the dendrimer led to an unsuccessful inhibition. This finding indicates the importance of the spacer within the molecule and can be explained by the excessive flexibility of the system, which would result in a great loss of entropy as a consequence of multivalent binding. The active SA conjugate is also able to inhibit pulmonary influenza A infections in vivo. However, it has also been shown that adhesion blockages are virus-typespecific, which is due to the different accessibilities of the individual hemagglutinin binding sites. Although many approaches are based on small dendrimers, these low-valent structures (usually with n = 4-16) are noncompetitive in extensive interactions or interaction sites, since they are located far apart (see Section 4.3).
Recently Cloninger [93] as well as Hammond and coworkers [94] designed globular architectures with multivalent antennas. They used branched end groups to generate "clustered" ligands for better binding properties than statistically loaded surfaces.
Hybrid Materials
Organic materials can be linked in a variety of ways to inorganic materials through multivalent interactions to give new structures. Metallic or oxide surfaces in the form of extended surfaces or as nanoparticles primarily serve as the inorganic substrates. Other materials such as graphite and silicon are also used. A special case are three-dimensional networks (metal-organic frameworks, MOFs), which lack space for further internal functionalization (e.g. for ligands) and, therefore, have been used instead in materials science. [95] The organic reactant may be small organic molecules as well as larger systems of dendrimers, polymers, and biomolecules, such as DNA or proteins. Several statistical multivalent binding modes are possible between organic and inorganic materials (Figure 9) .
On a not-further-functionalized metal, metal oxide, or graphite surface, in which only a small fraction of the atoms act as a binding partner, the link to the organic binding partner is statistical. In this case, the organic partner can bind itself with a defined number of functional groups, for example, with a bi-or trivalent thiol on a gold surface (Figure 9 a) [67] or with substituted pyridines on graphite surfaces. [96] The organic partner may also be statistically linked, as in the binding of a dendrimer to a metal or glass surface (Figure 9 b) . [97] Zhou et al. used multivalently bound poly(amidoamine) dendrimers on a glass surface that were functionalized with terminal aminoxy and hydrazide groups for the controlled coupling of various mono-, oligo-, and polysaccharides. [97] Instead of an organic molecule, inorganic nanoparticles can also bind to a surface with an organic ligand shell, so that in such a hybrid material only the interactive material itself needs to be organic. In this case, practically all the nanoparticle ligands facing the substrate bind to the surface depending on the density, radius of curvature, and rigidity of the ligand, (Figure 9 c) , or there is only a statistical interaction with a few ligands (Figure 9 d ). An example is the interaction between silica particles functionalized with dithiocarbamates and a gold surface. [98] Alternatively, the surface of the inorganic substrate itself may be functionalized with organic ligands/receptors (e.g. thiols, DNA, proteins) which multivalently interact with an organic or nanoparticle binding partner (Figure 9 e) . As a rule, this link is statistical if the density of the surface-bound ligand is sufficiently high. The surface-bound ligands themselves can be multi-or monovalently bound to the inorganic surface.
Dorokhin et al. functionalized glass surfaces with a layer of b-cyclodextrins and attached a further layer of adamantylterminated poly(propyleneimine) dendrimers on top to bind b-cyclodextrinheptamine-functionalized CdSe/ZnS semiconductor nanoparticles. [99] Such multivalently stabilized layered structures are interesting for applications in optoelectronics [100, 101] as well as in sensors. [102, 103] Johnson and Levicky succeeded in irreversibly depositing thiol-terminated poly-(mercaptopropyl)methylsiloxane (PMPMS) on a gold substrate [104] through a combination of the multivalent interaction of the thiol groups and the high hydrophobicity of the polymer. Thereafter, it was possible to covalently bond thiol- terminated DNA oligonucleotides to the substrate. The resulting system is stable at temperatures of up to nearly 100 8C, which opens up new applications in diagnostics. It is also possible to build larger three-dimensional structures by multivalently linking nanoparticles on a planar surface (see Section 4.1). Inorganic-organic hybrid systems may also be produced in solution if they are not deposited on substrates. In these cases, the multivalent interactions induce a controlled aggregation of the reactants. Wagner et al. developed switchable and reversible colloid arrangements by using multivalent electrostatic interactions between gold nanoparticles and coiled-coil peptides. [105] 
Programmed Multivalency with Defined Biopolymers
Unlike the above-described synthetic polymer systems, which were formed from rational considerations about multiplicity, nature is able to create significantly more complex architectures with customized biopolymers (peptides, proteins, DNA).
Peptide-Based Scaffold Structures
A defined spatial orientation of carbohydrate moieties in synthetic glycopolymers is often difficult to realize. By using both short flexible and conformationally fixed model peptides, the role of a protein-substrate conformation in the glycosylation process has been explored using exactly positioned ligands, particularly for N-glycosylated derivatives. [222] The advantage of applying model peptides is that a variety of analytical methods can be used for structural characterization, and by comparing the glycosylated and nonglycosylated forms valuable information on the conformational consequences of modifications can be obtained.
A review of the various peptide-backbone-based multivalent structures will be presented with a few selected examples. The goal here is not a comprehensive listing of all the previously synthesized, peptide-based multivalent scaffold structures, but rather an overview of the geometric possibilities and a discussion of the differences.
Regarding disordered scaffold structures, there are a number of very different structures that fall under the category of disordered peptide-based scaffolds. In the most extreme cases, they have only one amino acid or they can consist of several hundred amino acids with an equal number of ligands. Lee and co-workers developed trivalent inhibitors based on g-l-glutamyl-l-glutamic acid (g-EE) or b-l-aspartyll-aspartic acid (b-DD) for the asialo glycoprotein receptor (ASGP-R). [106, 107] In this case, GalNAc ligands were introduced to three carboxy groups of glutamic and aspartic acid, respectively (Figure 10 a, top) through hydrophobic aminohexyl spacers. Tam developed so-called MAPs (multiple antigen peptides) based on the junction of lysine residues. [108, 109] Since then, this concept has been used to synthesize and study a variety of multivalent peptide and glycopeptide dendrimers. [110, 111] Multivalent homopolymeric linear peptide chains are much more widespread than the above-described small scaffolds. A number of ligands are generally introduced and randomly distributed into the peptide chain through functional amino acid side chains. The best known example is poly-l-glutamic acid (PGA), to which the ligands are introduced in the carboxy side chains through chemical or chemoenzymatic techniques. Even wide gaps between the receptors can be bridged by the long linear polymer scaffold. In addition, the flexible structure allows a relatively tensionfree interaction between the ligands and receptors. Other advantages of the PGA scaffold are its low toxicity and immunogenicity as well as good biodegradability and water solubility (10 % w/v). Highly polymeric lysoganglioside-PGA conjugates have proven their worth as picomolar inhibitors of the trimeric hemagglutinin of the influenza virus. [112] Both the molecular weight of the PGA as well as the ligand concentration parameters influence the binding effectiveness of influenza viruses by PGA-based polymers. [113] When the ligand densities are too large, the binding is adversely affected, probably for steric reasons. [114] Introduction of aminohexyl spacers between the PGA backbone and the ligand should remove the steric constraints.
PGA-based glycopeptides also selectively bind with numerous plant lectins. [115, 116] The glycosylated PGA backbone is, therefore, suitable as a model system for glycans of the mucin type. [116] The glycopeptides specifically interact with the corresponding lectins, regardless of how much the glycan sugar residues have been truncated to more simple glycans compared to the natural glycoprotein.
Small amino acids, such as glycine or alanine, with side groups that show the least influence on the solubility on the whole construct can serve as spacers between the functionalized amino acids. Thus, not only the distance between the ligands but also the secondary structure of the peptide can be influenced. These systems are ideally suited for investigating the influence of the ligand distance upon ligand-receptor interactions. Unverzagt et al. synthesized a series of divalent model peptides as inhibitors of the influenza virus. [118] In this case, sialyl N-acetyllactosamine ligands were linked to asparagine units, which again were interconnected with flexible glycine fragments of different chain lengths.
With regard to helical backbone structures, polypeptides, which are mostly constructed from amino acids such as alanine or proline with a strong propensity for helix formation, can act as helical, multivalent peptide backbone structures. They are considerably stiffer than disordered structures, which means the ligand distances have to be better adapted to the receptor distances along the helix axis. At the same time, the loss of entropy is also reduced during the ligand-receptor interaction. [117] Unverzagt et al. used a divalent system for influenza inhibitors to study the relationship between the length of the proline chain between the ligands and the effectiveness of inhibition. [118] If the two ligands were unfavorably placed along the rigid proline helix, then the inhibition was worse than a monovalent system. For their systematic study, Liu and Kiick used an alanine-rich sequence as an a-helical backbone structure for cholera toxin inhibitors. [119] The glycosyl ligands were linked to glutamate side chains on the peptide backbone through aminohexyl spacers so that they were positioned at different distances from each other. The a-helical inhibitor Cap 35-H-6 showed approximately twice the inhibition than the disordered multivalent inhibitor Cap 35-RC-6, probably because of the smaller loss of conformational entropy (Cap 35-RC-6: 162-fold higher inhibition, Cap 35-H-6: 340-fold higher inhibition compared to monovalent ligands).
Falenski et al. recently showed that the a-helical coiledcoil folding motif is an appropriate multivalent scaffold structure for presenting several glycosyl ligands along the helix axis. [120] As a result of its typical primary structure with a repeated heptad pattern, the helical coiled-coil system offers unique opportunities for an adjustable presentation of carbohydrate functionalities. Within the coiled-coil folding motif, 2-7 a helices wind around each other in a left-handed arrangement ( Figure 11 ). The thermodynamic driving force for the aggregation of multiple peptide helices is mostly achieved by arranging hydrophobic amino acids at positions a and d to a hydrophobic core. The positions e and g, which are often occupied by charged amino acids such as lysine or glutamate, influence the specificity of the folding (parallel versus antiparallel) through electrostatic interactions. The positions a, d, e, and g can thus be summarized as an interhelical recognition domain (Figure 11 ). Positions b, c, and f of the heptads repeated pattern are exposed to the solvent on the surface of the helical cylinder ( Figure 11 ). They can be used either alone or in combination to install carbohydrate building blocks, which allows a fine-tuning of the distance of the building blocks. A gradual, but relatively small destabilizing of the coiled-coil structure was observed when the glycosyl ligands were introduced. Even the introduction of 12 b-d-galactose residues (6 b-d-galactose residues per 26 amino acid long peptide) on the serine side chains in the solvent-exposed positions of a coiled-coil dimer resulted in a stable coiled-coil structure (T m = 72 8C compared to 85 8C for the unglycosylated peptide). The interaction of coiled-coil glycopeptides with natural glycoprotein receptors, such as lectins and the asialoglycoprotein receptor of HepG2 cells, is currently being tested in further studies.
Some advantages of using peptide-backbone-based scaffold structures are that they are accessible by chemical solidphase peptide synthesis and established orthogonal protecting-group strategies. Larger peptide-backbone structures are accessible by chemical ligation, polymerization, or expression. Various side-chain functionalities of amino acids allow an easy introduction of different ligands, and monodisperse systems are obtained by targeted introduction of the ligands. Peptide scaffolds that are based on helical systems or cyclopeptides enable the distance between the ligands to be controlled. Furthermore, they are adapted by nature and, therefore, biocompatible, which means they have low toxicity and immunogenicity in addition to being water-soluble and biodegradable. Whether the good biodegradability by proteolysis is disadvantageous largely depends on the context in which the peptide-based multivalent systems are to be used and whether they are random or disordered, definitively folded, or if they are highly organized systems. The synthesis of long peptide sequences is sometimes difficult and generally relatively expensive. This disadvantage can be overcome in several cases with self-organization processes. Since longer receptor distances must be bridged with longer and moreflexible peptide sequences, it may be difficult to control the distances between the individual ligands and thus minimize the loss of conformational entropy on binding to the receptor. Furthermore, the amino acid side chains offer additional functionalities with which the receptor molecules might be able to interact. This interaction could be enhanced by the correct design.
Recently, several bioorthogonal functionalities were directly targeted to whole proteins by site-specific mutageneis and genetic code engineering. [121] As a result, tailored multivalent biomolecules have been generated by established conjugation methods for efficient lectin inhibition ( Figure 12 ).
PNA/DNA
Nucleic acid molecules are no longer considered to be just genetic storage material and are now regarded as structure templates. The Watson-Crick base-pairing rules are being used to prime DNA and RNA molecules as well as analogues to form well-defined architectures in regard to their structure and size. [122, 123] Duplex, triplex, and, recently even quadruplex structures have been prominently used to arrange chromophores, [124] metals, [125, 126] and even proteins [127] at exactly set intervals. As a result, the majority of work in this area has addressed materials science problems.
Lately, researchers have noted that architectures based on nucleic acids open the door to fascinating possibilities for molecular life sciences. [128, 129] Thus, the use of nucleic acid architectures for multivalent ligand presentation are especially interesting because: a) monodisperse materials can be chemically or biologically synthesized virtually on any length scale, b) the valence of a ligand is controllable by sequenceinstructed self-assembly, and c) the functional groups on the nucleic acid helix can be positioned with Angstrçm accuracy.
Another advantage is that the rigidity/flexibility of nucleic acid architectures can be selectively adjusted. Thus, a DNA double strand can have a persistence length of 500 , in which case, the DNA duplex behaves as a rigid rod. [130, 131] Most rod structures tend to aggregate. In contrast, DNA duplex architectures are characterized by their high water solubility, which is a very important feature for biological studies. The flexibility of the nucleic acid scaffold can be gradually increased by stepwise incorporation of singlestrand breaks or singlestranded segments.
Kobayashi and coworkers introduced oligonucleotide-monosaccharide conjugates with halfsided complementary sequences for oligomerization through hybridization. [132] [133] [134] [135] The resulting DNA-galactose or DNAmannose clusters are characterized by a strict periodicity of the saccharide presentation. These structures have been used to show that the helical torsion of the ligand presentation in a DNA duplex affects the cooperative binding of lectins. Three monosaccharide ligands were required for a multivalent interaction with lectins, such as Ricinus communis agglutinin or concanavalin A.
Winssinger and co-workers described a method in which the topology of a triantennary oligomannoside that was recognizable by the HIV-neutralizing 2G12 antibody could be mimicked by an adjacent presentation of two simple mannosides. [136] In this case, di-and trimannose units were coupled to the N-(5') or C-terminal (3') ends of peptide nucleic acids (PNAs). PNA is a non-ionic DNA analogue that forms very stable, double-helical structures with complementary DNA or RNA strands. A similar approach was used by Winssinger and co-workers for a divalent presentation of cyclopeptides. [137] By using PNA-PNA hybridization, the resulting dimerized PNA-cyclic peptide conjugates showed a tenfold higher affinity than monovalent conjugates for the cytokine receptor DR5.
Scheibe et al. showed that PNA-sugar conjugates can be used for measuring the distances of binding sites in Erythrina cristagalli lectin (ECL). [68] Only five different PNA conjugates were needed to develop a variety of multivalent architectures by permutation of complementary sequences on the DNA template. Apella and co-workers recently used this method to construct a high-affinity binder for integrins. The latter mediate cell-cell adhesion, and overexpression of these multivalent receptors has been connected to cancer metastasis. The best constructs carried 20 cyclopeptide ligands and showed, both in vitro and in vivo, a twofold better binding inhibition of melanoma cells on the extracellular matrix compared with monovalent cyclic peptides. [138] Eberhard et al. decorated DNA architectures with phosphopeptide ligands and used divalent conjugates to spatially screen the tandem phosphopeptide binding domains of Syk kinase. [139] In this study, single-stranded segments were included in the architectures to gain more information on the flexibility of a protein domain. Abendroth et al. conducted similar studies on the estrogen receptor (see Figure 14 in Section 3.2.3). [140] The spatial screening, which was programmed with DNA, gave the distance of the consensus binding pockets for estrogen, and indicated that there was an Figure 12 . Use of a barstar protein as a multivalent scaffold. [121] The alkyne functions were introduced at specific sites by substitution of a canonical amino acid (methionine) with homopropargylglycine. CuAAC: Cu-catalyzed azide-alkyne cycloaddition.
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The research groups of Neri and Hamilton described selfassembled, DNA-encoded libraries, in which small molecules were bound to oligonucleotides in order to bi-or trivalently present them after hybridization on the ends of duplexes and triplexes. [141] [142] [143] This method should make it easier to identify drugs for medical applications. Terminally modified templates based on a DNA quadruplex structure now make it possible to control the affinity of the presented ligands for target proteins such as cytochrome c or trypsin. [144] [145] [146] Winssinger and co-workers made use of an adjacent hybridization of PNA conjugates with DNA templates. One example showed that 62 500 combinations of small-molecule ligands allowed, after affinity selection against carbonic anhydrase, a partial convergence within a carboanhydrase inhibition library. [147] Chaput and co-workers used the heterodivalent presentation of peptides on DNA duplexes to construct a high-affinity binder for a regulatory protein Gal180 of yeast. [148] 
Spatial Screening for Measuring Distances in Protein Complexes
One of the advantages of DNA architectures is that the distances between the presented ligands can be programmed for wide areas through the sequence of the participating strands. In the following examples, the ligands are presented at intervals of between 3 and 150 to measure the distance between the binding sites in the receptors. In particular, multivalent interactions between proteins and carbohydrates, small molecules, and proteins will be considered. Theoretical preconsiderations of flexible and rigid spacers can be found in Section 2.
For the spatial screening of Erythrina cristagalli lectin (ECL), Scheibe et al. synthesized PNA-LacNAc conjugates. [68] Altogether, five different PNA oligomers were prepared that covered three independent anticodon sequences. In principle, a DNA template which contained three different codon segments at four positions allows formation of 324 supramolecules ( Figure 13) . A tetravalent PNA-DNA complex was bound by ECL with a more than 700-fold (180-fold per ligand) higher affinity than a monovalent PNA-DNA complex. The highest affinities were measured in divalent complexes when the LacNAc ligands were arranged at a distance of 104 . The insertion of single-strand segments between the two double-helical regions in III resulted in even higher affinities. The distance between opposing binding sites in a homodimer of ECL was found to be 65 . The authors concluded that divalent ligands had to adjust the curvature of the protein surface, which was easiest if the ligands were provided by a flexible template with a linear distance of 100 .
Many proteins that are involved in the formation of protein-protein interaction networks have several proteinbinding domains. Without knowledge of the proteins structure, it is difficult to quantify the conditions for the highaffinity binding of a specific substrate. Eberhard et al. used DNA-peptide conjugates to estimate the distances between the tandem SH2 domains of Syk kinase, an important signaling enzyme in the activation of B lymphocytes. [139] SH2 domains bind peptide motifs that contain phosphotyrosine and are conjugated with cysteine-modified oligonucleotides through a maleinimidyl unit. In this study, several DNA architectures were examined ( Figure 14 ). Divalent single strands 1 bind to the Syk-tSH2 domain with very high affinity, with the distance between the phosphopeptide anchor not playing a role. The authors attributed this behavior to the high flexibility of single-stranded DNA. Rigid duplexes 2 were (2), and including single-stranded segments in semi-rigid ternary complexes (3) . Tandem SH2 domains of Syk kinase were systematically investigated in all three modes with KpYETLG motifs containing phosphotyrosine. [139] A spatial screening of the estrogen receptor with estrogen analogues in ternary complexes showed the distance between the consensus binding sites and even indicated a second hydrophobic binding site. [150] nt = nucleotide.
formed after hybridization with a complementary DNA strand. Duplexes, in which the phosphopeptides were arranged at a distance of 5 or 16 nucleotides on opposite sides of the double helix, showed low affinity for Syk-tSH2. The highest affinities were observed when the phosphopeptides were positioned on the same side of the helix at a distance of 2 nucleotides ( % 7 ) or 11 nucleotides ( % 37 ), but not 21 nucleotides ( % 70 ). The authors concluded that the interdomain connecting the two SH2 domains in the Syk kinase was not in a position to span distances of 70 . The helical twist makes distance measurements more difficult between 10 and 25 , as well as for all the integral multiples. For this reason, the authors added single-stranded regions between the duplex segments of the ternary complexes 3. FRET measurements show that these regions do indeed have rotational degrees of freedom, but are still significantly lower than fully flexible unpaired single strands. Experiments with ternary complexes 3, in which the unpaired regions were extended stepwise, suggest that the Syk interdomain is sufficiently flexible to arrange the SH2 domains at intervals between 7 and 50 . Another recent example is an investigation of divalent interactions within the homodimeric estrogen receptor with a receptor spacing of 3.9 nm (Figure 14) , in which the crystal structure in the presence of different ligands as well as the first divalent ligands with flexible spacers were reported. [149] The new challenge was then to develop a molecular scale for elucidation of unknown quaternary structures in protein complexes based on rigid DNA spacers. In fact, the custommade rigid DNA spacer provided the highest binding affinity compared to short or over-long DNA spacers. [150] Even flexible synthetic PEG spacers only showed a relatively weak divalent binding. [149] Wittmann and co-workers showed by an X-ray structure analysis of a lectin-ligand complex (WGA-GlcNAc) that wheat germ agglutinin (WGA) has four binding domains with a total of eight binding sites, whereby two neighboring binding sites in the crystal structure could each be occupied and thus bridged by divalent ligands. [151] This structure was confirmed in solution by EPR spectroscopy. Moreover, Nacetylglucosamine ligands could be bound through PEG spacers of different lengths and marked with terminal spin probes. The distance distribution of the divalent ligands could thus be measured at different ligand/receptor ratios with these divalent constructions. With this method, the optimal binding distance between two ligands in solution and a variety of binding modes could also be determined. [76] 
Function of Multivalent and Polyvalent Systems
After a discussion of the basic principles of multivalency and various scaffold architectures, functional multivalent and polyvalent systems will be presented in this section. For the most part, they are biologically inspired examples with applications in medicine, but a number of interesting supramolecular systems have also recently been developed.
Artificial Supramolecular Systems
Defined supramolecular systems that are based on inorganic, organic, or biological chemistry are especially valuable for understanding the forces involved in multivalent interactions and processes in solution. If they can also be integrated in targeted modeled and synthetically built planar or spherical nanostructures with a defined surface, quantitative studies of numerous comprehensive multivalent effects should be possible, as they arise, in particular, at large interfacial areas (polyvalence).
Although there are many synthetic multivalent hosts and guests in supramolecular chemistry, there are surprisingly few studies that attempt a detailed description of the thermodynamics and kinetics. Some general models for self-organization processes [152, 153] have been accompanied by concrete models, such as for the self-assembly of meso-pyridyl-zincporphyrins into tetramers. [154] Melamine cyanurate rosettes, [155, 156] in which a larger number of blocks were brought together by hydrogen bonds to form a complex, have been investigated in terms of the entropic contributions to the binding.
In addition to the examples of detailed thermochemical analysis of the systems shown in Section 2.3, a number of other cooperative and multivalent binding processes have been reported, such as in the early work of Lehn and coworkers on transition-metal helicates, [157] [158] [159] [160] the porphyrin ladders of Taylor and Anderson, [161] as well as the oligoamide molecular zippers of Hunter and co-workers [162, 163] ( Figure 15 ).
The binding energies increase exponentially upon systematically varying the length of the mutually complementary components from two to six hydrogen bonds. Each additional hydrogen bond thus provides a higher energy than the previous one.
A number of publications have discussed the role of the spacer and its flexibility. Already in the early 1970s, Page and Jencks estimated the entropic cost of a fixed but previously freely rotatable CÀC bond to be ÀTDS = 3.8 kJ mol À1 (CH 2 À CH 2 ) and ÀTDS = 7.5 kJ mol À1 (CH 2 ÀC=O) at room temperature. [164] Searle and Williams reported slightly smaller values of ÀTDS = 1.6 to À3.6 kJ mol À1 at 300 K for fixing rotors in hydrocarbon chains during the crystallization of an alkane. [165] Later, Schneider and co-workers found that a series of divalent bisamide/biscarboxylate complexes with spacers of different lengths had a value of ÀTDS = 1.3 kJ mol À1 . [166, 167] These studies showed that the advantage of synthetic model 
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Chemie systems is that they can be systematically changed to allow precise predictions about the thermochemical parameters. Binding enhancement has also been found in complexes of modified peptides with cucurbit [8] uril (Figure 16 ). [168] Cucurbit [8] uril can bind two guests in its cavity simultaneously, whereby one of them tends to be a dication with a length corresponding to the distance between the two inwardly facing carbonyl groups of the cucurbit [8] uril barrel. Methylviologen is an example of an electron-deficient guest that assists the taking up of additional electron-rich aromatic compounds as a complementary guest in the cucurbituril cavity. If a peptide is functionalized with viologen side chains and a second peptide with tryptophan at the same intervals, the two peptides form a double strand upon addition of cucurbit [8] uril as a result of the pairing of the complementary guests. Depending on the number of interactions possible, this can also result in multivalent complexes, for example, a trivalent one that has an up to 210 times higher binding constant than a corresponding monovalent aggregate.
The complexity may be reduced even more, if the supramolecular complexes are examined in the highly diluted gas phase by mass spectrometry. This eliminates the solvent effects totally and allows investigation of the intrinsic properties of a complex. Thermochemical analysis in the gas phase is very complex and has not yet been performed for multivalent systems, but Armentrout has already been able to determine the binding energies of the crown ethers [12] crown-4 to [18] crown-6 and of the other ethers to alkali metals. [169] One of the key findings in these studies was that the binding energy values of the crown ethers were lower than the sum of the binding energies of a comparable number of short linear ethers with the same total number of donor atoms, because of the chelation effect. This means that the interactions of the crown ethers were systematically negatively cooperative. The generally accepted idea that alkali metal ions bind most strongly to crown ethers, whose cavities have the most accurate fit possible, is not nearly so clear in binding energies measured in the gas phase, compared to studies in solution (see Ref. [170] and references therein). This difference, which is attributable to a significant solvation effect, impressively shows that a comparison of isolated systems in the gas phase with experimental data from the condensed phase gives profound insight into solvation effects, and thus a more exact understanding of binding processes. Since this is particularly true for studying multivalent binding processes in which entropic effects may be relevant, interesting research results can be expected in the future.
To conclude this section on supramolecular multivalent systems, an example will be discussed in which multivalent binding results in a special function. After the synthesis of several trivalent so-called "super bundles", [171, 172] Stoddart and co-workers built molecular elevators ( Figure 17 ) by attaching a viologen station (4,4'-bipyridinium) to each of the three ammonium arms of the guest component. [173, 174] The [3] rotaxane resulting from attaching the stoppers was then switchable. If the secondary amines were protonated, the crown ether preferred to complex at these stations and the platform was located directly adjacent to the spacer of the guest. If deprotonated, the crown ether migrated to the viologen stations, thus reversibly "walking" along the trivalent ligand system and leading to an adjustable distance between the central aromatic scaffolds ("up" and "down"). A related kinetic study demonstrates the importance of comprehending the properties of the spacer for a deeper understanding of multivalency. [175] A viologen/dibenzo [24] crown-8 template can be used to successfully triple thread the three-armed viologen guest in the trivalent crown ether host ( Figure 18 ). The first two threading steps are fast, but it takes several days for the final, considerably slower third step to finish threading. The reason clearly lies in the chemical structure of the two components, which have rigid aromatic spacer scaffolds to which the binding sites are attached. Additionally, p-p interactions between the two scaffolds are possible. After the second threading, the complex is so rigid that the third threading has to overcome a high activation barrier. This example shows that the influence of a spacer is manifold and that a careful investigation of its influence must be done before multivalency effects can be fully understood. Treatment of just the thermodynamics in a multivalent interaction is too limited, because multivalency can clearly play a role in reaction kinetics.
Furthermore, multivalent supramolecular interactions can be applied to nanostructures on surfaces and for building new materials (see Section 3.1.2). Multivalent interactions on surfaces are used in biology and are more appropriate for initial and reversible immobilizations of larger objects such as whole cells and pathogens. Unlike most biochemical examples, supramolecular systems are superior for a basic and quantitative understanding of multi-or polyvalent interactions on surfaces because of their better defined structures. [153, 176, 177] More and more methods are being developed to use nanostructured surfaces or self-assembled monolayers (SAMs) for potential applications in the relevant size range of 1-100 nm. [178, 179] Biologically or catalytically active, spatially defined, and thus addressable surfaces are particularly interesting. [180] Traditional lithographic processes with their technologically limited size scale of > 100 nm were expanded to archieve even smaller structural sizes (nanolithography). [181] It is also possible to create self-sorting and correcting planar as well as three-dimensional functional structures (or to alternatively selectively apply them to a surface substrate) by a multivalency-controlled self-assembly of supramolecular molecules or functionalized nanoparticles, as Reinhoudt, Huskens, and co-workers have demonstrated with several examples. [182] Crespo-Biel et al. reported an interesting example of a regular multilayer structure of multivalent guest-host interactions by alternating adsorbing adamantyl-presenting poly(propyleneimine) dendrimers and cyclodextrin-coated gold nanoparticles on an initial cyclodextrin SAM on gold surfaces (see Figure 19) . [183, 184] This approach makes it possible to build defined structured and stable surfaces as well as materials.
Multivalent Interactions on Biological Interfaces
Multi-and polyvalent interactions between lectins and glycans are of fundamental importance for the interaction of biological surfaces. Lectins are proteins with defined glycanrecognition domains on the surface of viruses and bacteria as well as of plant and animal cells. Affine inhibitors of lectins are, therefore, suitable for clarifying the function of defined carbohydrate structures, when they are used as a competitive binding partner. They also provide an opportunity for pharmacological intervention. The phenomenon of multivalent lectin-glycan interaction, which has been commonly referred to and described in the glycosciences as a glucoside cluster effect, emphasizes the special biological relevance of this system. [185] Multivalent glycan conjugates are referred to in this context as a glycan cluster (see dendrimer glycoclusters and DNA clusters in Sections 3.3.1 and 3.2.2, respectively).
The binding of an individual lectin to a glycan (monovalent bond) is relatively weak, with the dissociation constants (K D ) typically in the millimolar range. Stronger interactions occur if both binding partners develop clusters, whereby either several complementary, monovalent functionalities are presented on the interacting cellular surfaces (multivalent surfaces) or the multivalent interaction between two molecules occurs because of multiple presentations of functionality within the molecule (multivalent mole- Figure 18 . A triple-threaded pseudorotaxane based on a viologen/ dibenzo [24] crown-8 template shows that multivalency may also be seen in kinetic parameters. Although the first two threading steps can occur very quickly, the third axis requires about 7 days for threading. Reproduced from Ref. [175] by courtesy of the American Chemical Society. cule). [186, 187] An interesting example of the latter case, the interaction of a monomolecular, multivalent receptor with a multivalent ligands, is the soluble bacterial adhesive cholera toxin (CT), which belongs to the AB 5 toxin family (Figure 20) .
It consists of a toxin subunit that is solely responsible for the disease pattern (diarrhea) and five lectin subunits that allow cellular uptake in the intestinal enterocytes. Once CT has been organized in a pentavalent structure it binds ganglioside GM1 through its cellular ligands and is taken up endocytotically. This is a good model for studying the design of multivalent ligands because up to five ligands can bind to the cholera toxic. In this example, the addressable binding sites are clearly defined by their distance from one another.
The saccharide structure of the ganglioside GM1 consists of a pentasaccharide, whereby the terminal galactose and sialin acid units contribute almost entirely to the binding energy. [190] An interesting example of designed CT inhibitors that takes into account the significance of the spacer length and flexibility shows impressive, achievable increases in inhibition. [191] The individual lectin binding sites could be addressed here through multivalency. A divalent GM1 conjugate already produces a 9500-fold inhibitory effect (IC 50 ) compared to monovalent GM1 (based on the number of ligands per conjugate, this is nevertheless still 4750-fold stronger). An octavalent GM1 conjugate is even more effective with its 380 000-fold inhibitory effect, in other words, 47 500-fold more active per ligand. In addition to full occupation of all the binding sites, the aggregation of cholera toxins themselves also contributes to the inhibition through the multivalent ligands. [192] In a similar manner, competitive binding assays are often carried out for the evaluation of effective inhibitory interactions, which ultimately generate an IC 50 value, that is, the concentration of a drug that leads to a half-maximal inhibition of a protein/enzyme. This is a general problem in many biochemical measurements. These measurements are performed on a defined protein-ligand pair and thus give information not about affinities or binding constants, but on a correspondingly defined effect (in this case, inhibition). One can, therefore, only compare IC 50 values within a given system with each other and not with binding constants of a proteinligand system. Consequently, the multivalent ligand presentation leads to lower IC 50 values, but a cooperative effect is usually not definable.
A strong inhibition of the CT-GM1 interaction can also occur when the inhibitor simply consists of galactose ligands instead of the complex pentasacharide unit. The terminal galactose of the pentasaccharide is bound deep in the binding pocket of the CT and can, therefore, serve as a simple minimal ligand. For the design of an effective galactose-based inhibitor, it is therefore even more important for the gap between the hydrophilic binding pocket and the protein surface to be exactly spanned with a hydrophilic PEG spacer. In comparison to a GM1 dendrimer with the same structure, however, a galactose dendrimer [193] results in a much lower inhibitory potency that does not even reach the value of the monomeric ganglioside GM1. Its mode of action, however, underscores the general concept of a binding enhancement by multivalent ligand presentation.
Another well-studied example of strong lectin-glycan interactions between polyvalent surfaces are selectins and their glycan ligands. In this cell-cell interaction, selectins and ligands, which are presented on both surfaces, initiate the adhesion of leukocytes from the blood to the vascular endothelium. This leads to the extravasation of leukocytes into the inflamed tissue ( Figure 21 ). In pathophysiological situations, this extravasation is deregulated and the massive infiltration of leukocytes amplifies the inflammatory response with increased tissue damage.
Selectins are C-type lectins that form calcium-dependent bonds with their physiological ligands. The leukocyte Lselectin and the E-and P-selectins presented on the endothelia recognize all the sialyl Lewis x tetrasaccharide ligands (sLe x , Figure 22 ) that are presented by membrane-bound proteins or lipids on both interacting cellular surfaces ( Figure 21 ). Additional sulfation of the ligand is a modifica- Figure 20 . a) Crystal structure of a pentavalent cholera toxin B subunit bound to five GM1 pentasaccharides. [188] b) B 5 subunit of a shigarelated bacterial toxin bound to a pentavalent, star-shaped, synthetic polysaccharide inhibitor. [189] Reproduced with kind permission from Macmillan Publishers Ltd. Figure 21 . The selectin-ligand interaction recruites leukocytes to the vascular endothelium, which allows them to adhere. Following the inflammatory mediators, leukocytes migrate from the blood vessels towards the focus of inflammation.
tion that further enhances the binding of l-and P-selectin. The monovalent selectin-sLe x interaction is weak and has a K D value in the mm range. In a reductionist approach, the leading structure sLe x could be successively simplified, and sLe x mimetics could even be generated by using partial structures with only one glycan (fucose, galactose, sialic acid, and others). Although these monovalent building blocks show poorer affinities to the selectins, their activity could also dramatically increase by n-valent presentation; however, relatively low-valent systems (n < 10) have been examined in most cases. [194] [195] [196] Investigations of polyvalent systems that help strengthen this interaction with their two-dimensional interfacial character (similar to the zipper) have been very important. Such polyvalent selectin inhibitors could hinder the building of conformed cell junctions far more efficiently and should, therefore, be suitable for reducing the inflammation. [197, 198] Thoma et al. were able to show that linear polylysine polymers conjugated to a sLe x analogue could dramatically reduce the E-selectin-mediated cell-cell interaction under physiological flow conditions. [199] While the monovalent ligand had an IC 50 value of 30-40 mm, a functionalized polymer decorated with 420 ligands gave an IC 50 value of 50 nm, based on the ligand concentration at the polymer. The multivalent presentation of just the E-selectin ligand alone increased the inhibitory effect of a single ligand by a factor of 700. The authors could further show that the size and the degree of the polymers functionalization are crucial for the inhibitory effect and lead to a high loading density which sterically hinders the interaction.
In studies on selectin inhibition with functionalized dendritic glycopolymers ( Figure 23 ) Papp et al. could demonstrate with a competitive SPR-based measurement system that galactose acts as a minimal selectin ligand, if available in sufficient concentration. [200] Compared to a tetravalent architecture (IC 50 = 240 mm), a dendritic polyglycerol-glycan conjugate with 35 galactose units effected a 100-fold strengthening of the L-selectin ligand inhibition, based on a single galactose unit (IC 50 = 2.45 mm). The additional introduction of sulfate groups into the galactose conjugate enhanced the inhibition by a factor of 70, and an IC 50 value of 35 nm was reached. This clear evidence of a multivalence effect can still be significantly improved upon by using a rigid scaffold architecture (see below).
Analogous to the sulfated multivalent glycoconjugates, the dendritic polyglycerolsulfate (dPGS), which binds in the nanomolar range to L-and P-selectins, as well as to other inflammatory mediators, was identified to be a highly active anti-inflammatory compound (see Section 4.3). [72, 201, 202] Even if the presentation of the ligands on a spherical or planar polymer surface cannot be rationally coordinated to the complementary receptor positioning but is statistically distributed instead (see Section 3.1), the result is a significantly higher inhibition that can now be reconciled with theoretical methods in terms of binding kinetics (e.g. possibly increased rebonding of the ligands) and better thermodynamics.
In addition to the polyvalent surface interactions of nanoparticles with planar material surfaces, as described in Section 4.1, the interactions of nanoparticles with biological surfaces are very important, especially for imaging and diagnostics. Multivalent interactions play an important role in two ways in the production, stabilization, and application of inorganic nanoparticles: First, the strength of both the nanoparticle-ligand binding and its stability can be considerably increased by the multivalent binding of organic ligands to nanoparticles compared to other reagents. At the same time, the aggregation in a dispersion can be significantly diminished because of a lack of steric or electrostatic stabilization. On the other hand, the nanoparticles that have been functionalized with organic ligands are a multivalent system themselves if the end groups of the ligands carry functional groups. Some advantages of nanoparticulate systems are that many functions are located on such a carrier in a confined space so that multivalent enhancement effects are possible without a substantial loss of conformational entropy. Additionally, in contrast to extensive, multivalent functionalized surfaces on bulk substrates, nanoparticulate carriers are mobile in emulsions. Furthermore, the shape, size, and physical properties of these particles can be selectively adjusted and the multivalent functional groups can be coupled with properties such as fluorescence or magnetism if a suitable core is selected. [203] These unique combination possibilities make multivalent functionalized nanoparticles attractive systems for numerous applications in the life sciences. An example is the glyconanoparticles developed in 2001 by Penades and co-workers with carbohydrate-functionalized gold, silver, and semiconductor nanoparticles. [204, 205] Glyconanoparticles provide a versatile adjustable biomimetic model for the presentation of carbohydrates on cell surfaces and have been used for the investigation of carbohydratecarbohydrate and carbohydrate-protein interactions. [205] [206] [207] They have been used as biomarkers and biosensors, for example, for the detection of concavalin A and Escherichia coli [208] as well as in applications in biomedicine and materials science. [205] Dernedde et al. could show by the multivalent presentation of selectins on gold nanoparticles that the IC 50 values of selectins could be better optimized than with free selectins in the micromolar to picomolar range. [209] A further increase in binding affinity and, above all, a much higher selectivity towards P-rather than L-selectins could also be reached by immobilizing sulfated carbohydrates on gold nanoparticles ( Figure 24 ). [210, 211] While the monovalent ligands do not show any binding affinities, there is an IC 50 value of 10 nm for P-selectin with multivalent ligands bound to gold colloids. The corresponding sulfated system is not only substantially more stable, it also interacts much more strongly to P-selectin (IC 50 = 0.04 nm) and slightly less so with L-selectin (IC 50 = 0.35 nm). Numerous applications in the life sciences require nanoparticles that are permanently stable even under physiological conditions, that is, with relatively high salinity and at temperatures around 37 8C. To meet these requirements, organic ligands, which are necessary for the kinetic stability of the particles, must be firmly bound to the particles. Furthermore, these monovalent bonds are often not sufficient, because there is a chemical equilibrium between particle-bound and free ligands. This balance can be greatly increased in favor of particle-bound molecules by choosing stronger binding multivalent ligands. The particles obtained can thus meet the higher demands. Gubala et al. were able to show that the colloidal stability of nanoparticles could be dramatically increased by using mutivalent dendron ligands instead of monovalent molecules. Furthermore, the detection limit of the assay can be significantly reduced with a more stable, multivalent interaction of the antibodies on the nanoparticle surface, which is required for detection in the immunoassay. [212] Since nanoparticles can be applied and defined in terms of size and shape, as well as in the chemical composition of their surface, and can be easily detected experimentally by many experimental methods (see Section 2.5), they are an attractive model system for a systematic investigation of multivalent binding effects. Boal and Rotello showed that the multivalent recognition of guest molecules decreased with the radial distance from the particle surface. Thus, they were able to demonstrate that a reduction in the preorganization of the multivalent interaction sites leads to a decrease in the multivalent recognition. [213] Zhang et al. demonstrated in systematic studies on gold particles which had been stabilized by thiol ligands that the colloidal stability is increased by multivalent binding. [67] Another recent example are gold nanoparticles functionalized with sialic acid (Figure 25 a) , which showed a strong interaction with the hemagglutinin surface protein of the influenza virus. Transmission electron microscopy (TEM) was used to visualize the simple attachment with small (ca. 2 nm diameter) gold nanoparticles, whereby the particles could be observed as small black dots on the viral envelope. [80] When large gold colloids were used, however, the single multivalent interactions could be visualized for the first time (Figure 25 c) . Surprisingly, the 2D image only showed three effective bonds (three to five bonds are spatially possible). This result also shows that spherical multivalent nanoparticles, which are not deformable, are unsuitable for planar interfacial polyvalent interactions, as there are only a few effective interaction points because of the convex surface.
In addition to the particle curvature of "hard-matter" nanoparticles, the limited size of the previously used "softmatter" polymer particles also limits the reinforcement of the multivalent binding. The distribution of the hemagglutinin receptors on the virus surface does not allow low-valent systems to efficiently interact with multiple trivalent receptors (see Section 4.3). Therefore, large multivalent softmatter systems would be ideal candidates.
Statistical random polymers (Section 3.1), such as linear polyacrylamide-sialic acid conjugates with high molecular weight (10 6 Da), show a 10 8 -fold increase in binding affinity and block cell adhesion through large interfacial, polyvalent interactions. The high molecular weight of the polymer and thus the related long residence time in the body make in vivo applications unrealistic. Nevertheless, the high effectiveness of these linear polymers in vitro has been proven. [86, 214] In addition to their extreme affinity binding, they can sterically shield the virus particles when used in combination with other monovalent ligands. [215] An alternative approach to high-molecular-weight linear polymers are dendritic nanogels that have the same dimensions as influenza viruses and can partake in competitive surface interactions (Figure 26 ). Novel biocompatible and biodegradable nanogels based on polyglycerol (20 to 100 nm) that can be decorated with the appropriate sialic acid ligand by a simple modular functionalization at their surfaces have been developed in some fundamental studies. [217, 218] For the first time, strong interactions could be achieved between the sialic acid functionalized nanogels and the hemagglutinin of influenza virus receptors, and cellular infection could be inhibited up to 80 %. [216] It is interesting that nanogels with low functionalization performed better than highly functionalized ones, which may have been due to steric overloading of the latter. These polyvalent nanogels are promising candidates for more effective antiviral therapies.
Prospects for Multivalent Drugs
Despite long-standing, fundamental research on multivalent drugs, no major pharmaceutical company has seriously engaged itself yet with the great potential of multivalent interactions. The reason probably lies in the extreme focus that was first on "small molecules" and nowadays on "biologicals." The emerging field of polymer therapeutics has, therefore, been taken up more by innovative small and medium-sized enterprises. Two examples of multivalent drugs will be given.
In analogy to sulfated multivalent glycoconjugates (see Section 4.2, Figure 23) , it was possible to synthesize a simple polysulfated heparin analogue stucture. [201] Recently, a highly active anti-inflammatory interaction with dendritic polyglycerol sulfate (dPGS; Figure 27 ) was discovered which bound other inflammatory mediators in the nanomolar range of Land P-selectins, as well as in an in vivo mouse model with contact dermatitis that was as effective as the commercial glucocorticoid prednisolone. [72] The great advantages of dPGS are that it is easily obtainable on a large scale and that it is possible to conjugate effector molecules, for example, dyes and drugs. [219] There has also been a first clinical development of multivalent drugs in the antiviral area. VivaGel was developed as a topical vaginal gel that can prevent or reduce the transmission of HIV. The sulfonated dendritic scaffold is currently being tested in a clinical phase II study. [220] The limited size of the low-generation dendrimers used compared to the distribution of hemagglutinin receptor sites on the virus surface is a limitation for efficient multivalent interactions ( Figure 28) . However, the elimination of such polymeric drugs through the kidneys is a general consideration that has to be kept in mind (limit is 40 kDa). For future investigations, biodegradable, polyvalent soft-matter systems with large interfacial contact sides should be designed.
Conclusion and Outlook
Since the groundbreaking review in 1998 on biologically relevant multivalent systems by Whitesides and co-workers, [1] the multivalency phenomenon has been studied intensively in many new systems. Multivalency has increasingly played a major role not only in biological but also in artificial system research areas such as supramolecular chemistry and materials science.
Theoretical studies on the experimental results have begun to generate a deeper understanding of multivalency. There are still only a few reports, however, that make predictions or a reliable plan for the next chemical step. Therefore, systematic studies on models and complex systems are especially necessary for a better knowledge of multivalency, which is paramount for building a theoretical foundation. A joint analysis of the kinetics, thermodynamics, and static effects is also crucial.
Multivalent ligands are clearly more advantageous than monovalent ones because of their enormous binding strength through rigid, defined spacers, and these ligands are increasingly being applied for pharmaceutically relevant targets. Furthermore, the "programmability" of rigid spacers, in other words, the fixed adjustment of the distance between two ligands, makes it now possible to exactly fit the estimated gap between multivalent binding sites, namely, protein complexes. Particularly in heteromultivalent systems, orthogonal binding sites can be built to help maintain the "self-sorting", defined, programmed super lattices.
The exact positioning of multivalent ligands on defined biological scaffolds, such as proteins and DNA, will play an even greater role in the future. Many breakthroughs have occurred in recent years in the area of polyvalent systems with extensive interactions. For example, customized interactions with viral systems have been achieved by the synthesis of tailor-made, multifunctional nano-and microgels. Architectures with a matching size are particularly attractive in this case, as they are also present in biological systems. Interaction is still limited though, because the contact area between spherical particles is relatively small (Figure 25 c) . Thus, multivalent scaffold architectures with a nonspherical geometry will be especially important in the future.
Biodegradable multivalent nanoparticles are of great significance for use in in vivo polyvalent systems on biological interfaces (such as viruses and bacteria). The excretory organs (kidneys, spleen, liver), however, put strict limits on the particle size.
The first successful clinical studies on multivalent drugs have begun to appear. However, such new drug concepts are only possible if there is a new mindset in the pharmaceutical industry. After a strong focus on "small molecules" and now on "biologicals", polymer therapeutics and multi-and polyvalent drugs in particular have great future potential. , yellow bar), and c) an inflammationselective fluorescence diagnosis with a dPGS-dye conjugate. Figure 28 . a) The size ratio between the HI virus particle with its trivalent surface receptors and a dendritic drug conjugate (VivaGel, by courtesy of Starpharma) and b) the schematic length ratios for the binding sides within one and between two hemagglutinin receptors on the virus surface.
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